Abstract
Introduction
During a limited female mammalian reproductive cycle, primordial follicle stem from the primordial follicle pool, which develop though primary follicle and secondary follicle and finally become a mature follicle ovulation. However, many factors regulate the stillness of the primordial follicle pool and the primordial follicle last batch activated [1] . Historically, whether oogenesis continues after birth in mammalian ovaries remains unknown [2] . Since the 1950s [3] , it has been generally accepted that females of most mammalian species lose the ability to produce oocytes at birth. At birth, germ cells in mammalian ovaries have progressed to the diplotene stage of meiotic prophase and have formed primordial follicles with surrounding somatic cells. These primordial follicles represent follicle reserves of reproductive life [4] . In recent years, a contemporary understanding of the initiation of primordial follicle growth has shown in vivo development of two classes of primordial follicles [5] , the first wave of simultaneously activated follicles after birth. These primordial follicles are gradually activated in adulthood. Wu and others confirmed female germline stem cells in the ovarian surface epithelium layer that gradually activate in adulthood, as well as the formation of primordial follicles [6, 7] . In fact, only less than 1% of the follicles go through ovulation, with 99% of follicles undergoing atresia apoptosis. Therefore, clarifying the molecular mechanisms by which the initiation of primordial follicles is regulated is crucial for the prevention and treatment of female infertility and to understand premature ovarian failure.
The Hippo signaling pathway has been proven to play important roles in the regulation of stem cell proliferation, differentiation, migration and maturation, as well as establishment of normal oocyte polarity and egg chamber structure [8] [9] [10] [11] . The core components of the Hippo pathway in mammals includes mammalian Sterile 20-like protein kinase I (MST1) and MST2 and their regulatory protein WW45 (also known as SAV1), as well as large tumor suppressor homologues 1(LATS1) and LATS2, and YAP1 (Yes-associated protein) [12, 13] . During Drosophila oogenesis, Hippo signaling activity is required for oocyte polarization and regulation of somatic follicle-cell proliferation and differentiation in Drosophila follicle cells [14, 15] . In mammals, overexpression of YAP enhances tumor formation and growth, whereas down-regulation of YAP decreases the tumor formation and growth in kinds of cancer cell lines [16] . The transcriptional co-activator with PDZ-binding motif (TAZ) is a transcriptional effector of the Hippo signaling cascade in regulating cell proliferation tumorigenesis [13, 17] . In breast cancer stem cells, TAZ forms a complex with the cell-polarity determinant Scribble, and loss of Scribble disrupts the activity of the core Hippo kinases MST and LATS [18] . In addition, previous results suggest that the association of YAP/TEAD (TEA domain family member) with ovarian cancer patient survival has been demonstrated, and YAP plays a role in promoting ovarian cancer cell growth in flies and humans [19] [20] [21] . On the other hand, the Hippo signaling pathway, which consists of several oncogenes (MST1/LATS2/ YAP1)could sense the changes of cell density in Drosophila ovaries [22] . The Hippo signaling pathway forms a cross network with a variety of factors and multiple signaling pathways such as Notch, TGFβ, cTGF, IGF, c-erbB2, c-myc, and PI3K/AKt in different levels [23] [24] [25] [26] [27] . Our earlier reports demonstrated that the physiological effect of Pten and Tsc1/mTorc1 signaling pathways, which have been proved to maintain of the quiescence of primordial follicles, included anti-oncogenes that activated in the course of tumorigenesis [28] [29] [30] [31] . However, under physiological conditions and in the in vivo cultured system throughout the entire female reproductive life span, the role of the Hippo signaling pathway in primordial follicle formation and activation has not been thoroughly investigated. 
Cellular Physiology and Biochemistry
To further verify the function and regulative mechanism of ovary, we explored the expression changes of the core components of the Hippo pathway (MST1, LATS2, YAP1) before and after primordial follicle activation and its spatio-temporal correlation with the size of primordial follicle pool in mice.
Materials and Methods
Animals KM mice were obtained from the Center of Experimental Animals, Nan Chang University, on a 12-h light: dark cycle and were given access to food (Keao-Xieli, Beijing, China) and water ad libitum. All procedures (including animals in this study) were reviewed and approved by the ethical committee of Nan Chang University.
Ovary culture and morphometric analysis
Ovary cultivation in vitro was performed using Waymonth system (Waymonth MB 752/1 culture (Sigma, USA) supplemented with 0.23 mM sodium pyruvate, 3 mg/mL BSA, 100 IU/mL penicillin G, 100 IU/mL streptomycin, and 10 % (v/v) FBS) [27] . Briefly, under aseptic conditions, ovaries removed from neonatal female mice (3-d old), and tissues were washed with culture medium containing no serum. Then, ovaries were placed on a gelatin sponge with 600 μL of culture medium in a 24-well plate, where every well contained five to six ovaries. The medium was changed every 48 h with replacement of half fresh medium. Experiments were repeated at least three times, with at least 20 ovaries in each experiment. Cultured ovaries were fixed in 4% paraformaldehyde and stained with hematoxylin and eosin. Tocompare follicle formation between in vivo and cultured ovaries, ovaries were isolated from littermate animals the same day that cultured ovaries were fixed. Follicle populations among isolated, and cultured ovaries were quantified.
Immunohistochemistry (IHC) and immunofluorescence
Immunostaining of different stage normal mice ovaries was performed according to previously published procedures (Song et al., 2002). The primary antibodies used in this study are as follows: YAP1 (1:100, ab56701), S127 phosphorylated-YAP1 (1:100, ab76252), LATS2 (1:100, ab54073), MST1 (1:100, ab51134). The secondary antibodies used in this study are Alexa 488-and Alexa 596-conjugated goat antimouse, rabbit antibodies (1:200, Molecular Probes). All of the images were taken using a NIKON Eclipse 80i microscope.
Quantitative real-time PCR
Total RNA was extracted from the different stage mice ovaries using Tri-reagent (TaKaRa). Total RNA (1 μg in a 25-μL reaction) was reversed-transcribed using PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa). Amplification was performed on an ABI7000 PCR instrument (Applied Biosystems, Foster City, CA, USA) using three-stage program parameters provided by the manufacturer, as follows: 2 min at 50°C, 2 min at 95°C, and then 40 cycles of 15 s at 95°C and 30 s at 60°C and finally a cooling step at 4 °C. Primers designed for amplifying list in Table 1 . The reaction was performed in 20 μL reaction volume containing 0.6 µl cDNA, 0.8 μL 50 mM MgCl 2 , 10 μL of SYBR green master mix, 1.6 μL of primers (10 µmM), and 7.0 μL 
Western blot analysis
Total protein was extracted from ovarian tissue with RIPA lysis solution (Beyotime, P0013C) for 30 min on ice with frequent vortexing, and then the lysates were collected by centrifugation at 1000 rpm for 5 min at 4°C and combined the sample loading buffer for 4:1. The proteins were subjected to SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) transferred to PVDF membranes (Millipore Corp., Bedford, MA) and processed per antibody manufacturer's instruction. The primary antibodies were: YAP1 (1:100, ab56701, Abcam), S127 phosphorylated-YAP1 (1:10000, ab76252, Abcam), MST1 (1:10000, ab51134, Abcam), LATS2 (1:100, ab54073, Abcam), β-actin (1:1000, ab1801, Abcam) and PCNA (1:1000, ab18197, Abcam). The band intensity was quantified using β-actin as internal quantitative control. Each experiment was duplicated at least three times.
Statistical methods
For each set of data, all experiments were conducted at least in triplicate and repeated at least three times, representing the mean ± SEM, within an individual experiment. The statistical comparisons among different age groups were analyzed by Student's paired t test. The threshold p < 0.05 was considered significant, p < 0.01 and p < 0.001 were considered extremely significant. All analyses were performed using GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA). (Fig. 1A,  B) . However, YAP1 protein expressed was lowest in the 3 d group because for the 1 m, 5 m, 16 m groups, expression increased significantly (p < 0.05, p < 0.01, p < 0.01), and reduced significantly between the 16 m and 5 m groups (p < 0.05). Similar to the YAP1 protein, the p-YAP1 protein also displayed the lowest expression in the 3 d group (p < 0.05) (Fig. 1C, D) , but these three groups had no significant difference. With the increase in age of mice, the value of pYAP1/YAP1 decreased (p < 0.05).
Results

Components of Hippo signaling are expressed in different stages in mice ovaries
Subsequently, we performed real-time PCR experiments to determine whether Hippo family genes MST1 and LATS2 mRNA strongly expressed by 3 d mice ovaries and downregulation persisted from 1 m, 5 m to 16 m (p < 0.05, p < 0.01, p < 0.01), but the level of 16 m was higher than 5 m (Fig. 1E) . Conversely, the relative mRNA expression of YAP1 was significantly lower than the 3 d mice ovaries compared with the other three groups (p < 0.01, p < 0.001, p < 0.01), with the level of 16 m significantly decreased compared with the level of 5 m (p < 0.05). Specifically, the relative MST, LATS, and YAP expression of micrographs were similar to the molecular results.
Xiang et al.: Hippo Signaling Pathway Correlate with Primordial Follicle Pool in Mice
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry ovaries isolated from 3 d mice (p < 0.05). These results suggest that the development of mice ovaries is well, and most of the primordial follicles have been formatted and activated. We have found that expression of Hippo genes in different stage mice ovaries were downregulated using immunostaining of tissue sections and molecular methods. In this study, to examine how Hippo signal pathway involves in the formation of primordial follicles, we compared ovaries cultured for 8 d and in vivo with ovaries cultured for 3 d using western blotting and real-time PCR. The relative mRNA and total protein of expression of MST1, LATS2 were significantly lower in cultured ovaries than in vivo ovaries (p < 0.05) (Fig. 4A,  D) . However, YAP1 was increase in cultured ovaries (p < 0.05, p < 0.01). Moreover, protein expression of pYAP1 displayed extremely increased in cultured ovaries (p < 0.05, but the value of pYAP1/YAP1 show a significant decrease (p < 0.05) (Fig. 4B, C) . These results suggest that Hippo signaling pathway affects primordial follicle formation.
Discussion
Ovary morphometric analysis show that the number of primordial follicles is highest in 3 d mice ovaries (80% in total follicles), and a large number of growing follicles at different levels in 1 m mice ovaries. When mice ovaries are developed to 5 m, more follicle growth and corpus luteum formation occurs, whereas in 16 m mice, there are no normal follicles except atretic follicles [33] . Therefore, we chose 3 d, 1 m, 5 m and 16 m mice ovaries as experimental groups in this study to reflect the size of the primordial follicle pool in the reproductive life of female mice.
As one of the most crucial cell signaling pathways, the Hippo signaling pathway regulates female reproductive system development [34] [35] [36] [37] [38] . We provide evidence for the expression of Hippo pathway genes in the different stage mouse ovaries and propose a novel role for Hippo signaling in regulating primordial follicle formation. LATS2 and MST1 are maximally expressed in the neonatal mouse ovary (3 d group) compared with the protein level of YAP1. However, as the age of mice develop, the primordial follicles start developing unceasingly. While follicular growth is accompanied by oocytes maturation and granular cell proliferation, MST1 and LATS2 are down-regulated during follicle formation with age, and the expression level of YAP1 is up-regulated all of the time. YAP1, a transcription factor, is an ovarian cancer oncogene in the previous studies, but the core of the mammalian Hippo pathway is composed of two kinases complexes: the MST1-2/Sav1 complex and the LATS2/MOB complex [21, 39, 40] . The previous study showed that YAP1 has no transcriptional activity and its actions are dependent on downstream transcriptional factors [41, 42] . As shown in Fig. 1C , decreases in pYAP1 levels occur along with as well as a decrease in the value of pYAP1/YAP1. Meanwhile, MST1, LATS2, and YAP1 specifically express in the cytoplasm of oocytes (Fig. 2b) ; however, for MST1, LATS2, and YAP1 not expressed in the cytoplasm, the different expression and localization may suggest MST1, LATS2, and YAP1 provide a potential role for transition from primordial to primary follicles. pYAP1 begins expression in oocytes but later weakly expresses in granulosa cells of atresia follicles. Therefore, we conclude that the dynamic change in the Hippo signaling pathway corresponds with the follicle development schedule.
Interestingly, MST1 mRNA levels are not consistent with the protein expression level in the 16 m age. The amount of MST1 protein expression shows no significant difference within the different stages of development in mice ovaries, but the amount of MST1 mRNA expression is significantly increased. However, we suggest these reasons for this unique phenomenon: First, RNA is converted into protein by a complex regulatory process [43] [44] [45] . The MST1 gene in ovarian tissue in aging mice is transcribed into mRNA after degradation, or disturbed by other signals leading to a suspension of translation, resulting in the MST1 protein level having no significant difference. Second, the eukaryotic expression system has a modification process known as post-translational processing [46] . If protein processing after translation is not correct, MST1 protein may be degraded with endopeptidase, and activity may also be decreased, or lead to lack the required core components for translation into protein in the ovarian tissue of ageing mice. This will finally cause the change of protein levels. Third, there may be some type of regulatory mechanism to restrain MST1 protein expression in the ovarian tissue of ageing mice and in the MST1 mRNA level there may be feedback suppression allowing it to express.
It is becoming clear that the key components of the Hippo signaling pathway show differential expression pattern under different mouse life stages because of follicle development, suggesting that MST1, LATS2, and YAP1 are in part coordinated through oocyte maturation, granular cell proliferation, follicular atresia, and other physiological processes. Consistent with the role of Hippo signaling genes in regulating follicle growth [34] , ovaries were removed from infertile patients, followed by fragmentation to disrupt Hippo signaling. After grafting ovarian tissues back to patients, rapid follicle growth were found in some patients. Likewise, damage incurred by cutting or drilling PCOS ovaries could enhance actin polymerization and disrupt Hippo signaling to promote follicle growth [34, 47, 48] . Although Chen et al. confirmed that YAP1 appears to be a new susceptibility gene for PCOS in Han Chinese women [49] , we cannot exclude more localized changes in Hippo genes expression at the cellular level. Furthermore, LATS1 phosphorylated forkhead L2 (FOXL2) and regulated its transcriptional activity in some ovary of primary ovarian insufficient POI patients [50, 51] . In this study, our results also confirmed that the Hippo signal pathway relates with the maturation of mammalian oocytes, proliferation of granulosa cells and follicular atresia in folliculogenesis.
The previous study reported rodent ovary culture has been successfully performed by other investigators to confirm roles for signaling molecules during early follicle formation [24, 27, 52] . We utilize an in vivo follicle formation model in this system, arguing that factors important for follicle assembly are important to ovarian development. Neonatal mouse ovaries maintained in culture were treated by in vivo culture system to address functional roles for Hippo in the neonatal mouse ovary (Fig. 3a) . We used PCNA to assess the Hippo signaling pathway because PCNA was originally identified as an antigen that is expressed in the nuclei of cells during the DNA synthesis phase of the cell cycle, and it plays an important role in cell proliferation to start and is a good indicator of the state of cell proliferation (Fig.  3c) . The study also verified this culture model is useful for investigation of folliculogenesis mechanisms.
In our study, YAP1 and pYAP1 total proteins are increased, respectively, but the level expression of pYAP1 shows a decrease in the value of pYAP1/YAP1. This finding indicates that the level expression of pYAP1 is up-regulated after primordial follicular activation. In a previous study, pYAP1, a transcription factor, can enter into the nucleus and play a potential role as in mediating follicular proliferation. Whereas high cell-density activates the Hippo pathway kinases and promotes the phosphorylation of YAP1 on serine 127, this leads to its nuclear export and growth inhibition [22] . Therefore, we can conclude that the Hippo signaling pathway affects primordial follicle formation by increasing expression of pYAP1 in oocytes nuclei.
However, this cornerstone of mammalian female reproductive biology has been recently challenged by a growing body of evidence showing the isolation and propagation of germ stem cells from mouse and human ovaries [53] . Some experimental evidence has shown that the first wave of follicles exists in the cytoplasm of ovaries for 3 m and contributes to the onset of puberty and to early fertility. However, primordial follicles at the ovarian cortex are formed after birth and gradually replace the first wave of follicles until they become the sole source of follicles from 3 m until the end of the reproductive life. Our data clearly show that expression of MST1 and LATS2 at ovarian cortex were significantly higher than ovarian medulla. Recently, some previous studies have also confirmed that similar to Hippo signaling pathway, Tsc/mTORC1 signaling and PTEN/PI3K (phosphatidylinositol 3 kinase) signaling synergistically regulate the dormancy and activation of primordial follicles, and together ensure the proper length of female reproductive life [54, 55] . Furthermore, our previous research also confirmed that c-src was expressed in mammalian ovaries, which plays an important role in primordial follicle activation and development [25] . Similarly, YAP1 is an
